Summary Among radiation-induced chromosome aberrations, multicentric chromosomes, as represented by dicentric chromosomes (dicentrics), are regarded as sensitive and specific biomarkers for assessing radiation dose in the 0 to 5 Gy range. The objective of this study was to characterize chromosome aberrations induced in vitro by a higher dose of radiation. Peripheral blood lymphocytes were exposed to 15 Gy gamma rays at a dose rate of 0.5 Gy/min and harvested at 48, 50, 52, 54, 56 and 72 h. The first mitotic peak appeared at 52-54 h, showing about a 6 h mitotic delay as compared with nonirradiated control cultures. Cell-cycle analysis of parallel and simultaneous cultures by sister-chromatid differentiation staining suggests that metaphase cells examined in 48-56 h cultures were in the first mitosis after culture initiation. The mean dicentric equivalent counts ranged from 9.0 to 9.3 in consecutively harvested cultures with no significant differences among them. At 72 h, about 20% of dividing cells were tetraploid, persisting with faithfully replicated unstable chromosome aberrations. The non-random distribution of replicated chromosome pairs, deduced from multicolor fluorescence in situ hybridization analysis, led us to surmise that the predominant mechanism underlying the induction of tetraploid cells is endoreduplication. These findings suggest that a high-dose in vitro irradiation applied to peripheral blood lymphocytes may affect on the replication process, in addition to structural chromosome damage.
be executed, dose assessment based on clinical symptoms may precede the time-consuming and labor-intensive dicentric assay. To deal with emergency cases, alternative rapid cytogenetic assays such as the premature chromosome condensation (PCC) assay are to be employed (Waldren and Johnson 1974 , Pantellias and Maillie 1985 , Darroudi et al. 1998 , Gotoh and Durante 2006 ; however, the PCC assay requires technical skills. Besides the limitations of the cost of time for the dicentric assay, other technical factors are also problematic. At higher doses, we often encounter difficulties in scoring a sufficient number of metaphase cells owing to mitotic delay, a low mitotic index and a high proportion of complex chromosome aberrations. To cope with these limitations related to metaphase chromosome analyses, the chemically induced PCC assay (Pantelias and Maillie 1984 , Kanda et al. 1999 , Prasanna et al. 2000 , Balakrishnan et al. 2010 ) and the micronucleus (MN) test (Countryman and Heddle 1976 , Fenech and Morley 1985 , Fenech 2000 , Vral et al. 2011 can be applied, although the number of laboratories that adopt internationally standardized methods for the PCC assay and MN test is limited. Recently, a preliminary report on a method of cotreatment with colcemid and caffeine has been proposed to yield a high proportion of analyzable metaphase cells at 48 h of harvest by preventing the G2/M cell-cycle checkpoint, allowing damaged cells to reach mitosis (Pujol et al. 2012) . Currently, this method awaits technical establishment.
In cases of accidental exposure to radiation of unknown doses, particularly in cases of partialbody radiation at potentially high doses, it is necessary to obtain data on chromosome aberrations by employing a routine cytogenetic procedure established for the dicentric assay. With respect to partial-body exposure, a certain proportion of circulating blood lymphocytes possesses dicentrics induced by radiations. Experimental and theoretical approaches to dose estimation based on the analysis of the yield of dicentrics in peripheral blood lymphocytes have been proposed for partialbody exposure (Lloyd et al. 1973 , Barquinero et al. 1997 , IAEA 2001 , Sasaki 2003 , Heimers et al. 2006 . It may thus be important to score dicentrics in blood lymphocytes exposed in vitro to higherdose radiations as the basis for the dose estimation of a partially exposed cell population. The objective of this work is to precisely evaluate the yield of multicentric chromosomes following highdose gamma irradiation and characterize the persistence of unstable chromosome aberrations.
Materials and methods

Blood samples and culture
Peripheral blood was collected from 2 healthy nonsmoking adults after obtaining their informed consent. The blood samples from donor A were used for a complete set of experiments, whereas those from donor B were used only for the experiments on cell proliferation kinetics. Heparinized blood samples from donor A were exposed to 15-Gy gamma rays from a 60 Co source at a dose rate of 0.5 Gy/min. Lymphocytes from 3 ml of peripheral blood per culture for different harvest times (48, 50, 52, 54, 56, 72 and 96 h after culture initiation) were isolated using a separation tube (Becton-Dickinson, NJ, USA), and suspended in a total of 6 ml of culture medium consisting of 80% RPMI 1640 and 20% fetal bovine serum, and supplemented with 3% phytohemagglutinin (PHA). Each cell suspension was divided into 2 equal parts (3 ml each). One of them was cultured under conventional culture conditions, whereas the other was cultured in a medium supplemented with 30 mM 5-bromo-2′-deoxyuridine (BrdU) and kept in the dark [denoted as BrdU() and BrdU (+) cultures, respectively]. Irradiations and lymphocyte collections were conducted at room temperature. Then, each of these 2 parallel culture sets was consecutively harvested after a 2-h colcemid treatment (0.5 μg/ml). Two additional experiments using blood samples from donor A were performed; one using nonexposed control cells and the other using cells exposed to 5 Gy, under the same exposure conditions, undergoing identical treatments, and harvested at 48, 54 and 72 h. Blood samples from donor B were exposed to 15-Gy gamma rays, cultured with and without BrdU, and harvested at 72 h.
Chromosome analysis
Chromosome slides prepared from BrdU() cultures were scanned under a light microscope. Low-magnification (⊗100) images of Giemsa-stained slides were captured using a charge-coupled device (CCD) camera and then printed. On the prints, interphasic and mitotic cells were scored to calculate mitotic index (MI). In the present study, both stimulated (large and lightly stained) and unstimulated (small and darkly stained) nuclei were scored as interphasic nuclei. Although only the inclusion of stimulated nuclei was proposed in the IAEA manual (IAEA 2001), we found that the difference between stimulated and unstimulated nuclei was indistinct in our preparations. Chromosome slides from BrdU(+) cultures were used to analyze cell proliferation kinetics. Cells incorporating BrdU were stained by a modified fluorescence plus Giemsa (FPG) technique (Perry and Wolff 1974) and the number of division cycles after culture initiation was determined under the microscope from sister chromatid differentiation (SCD) patterns.
Chromosome aberrations were analyzed in BrdU() cultures harvested at 48, 50, 52, 54 and 56 h (50 metaphase cells for each culture). The number of multicentric chromosomes was determined as the dicentric equivalent count (the number of centromeres minus 1 equals dicentric equivalent count) by viewing under the microscope and confirmed by either the analysis of printed images or monitor-based metaphase analysis. Only metaphase spreads with 46 centromeres were scored. At 72 and 96 h, cells in the first metaphase (M1) were exclusively analyzed in BrdU(+) cultures. Although centric rings were recorded, they were not included in the present study. Compliance with the Poisson distribution was assessed by examining the goodness-of-fit test to determine the nature of the distribution of dicentric equivalent counts in the cell population.
Fluorescence in situ hybridization
Fluorescence in situ hybridization (FISH) experiments were conducted using 54 and 72 h cultures. For the 54 h culture, centromeres were labeled using a Cy3-conjugated peptide nucleic acid (PNA) probe for the detection of the human alphoid satellite DNA sequence (Panagene, Daejeon, South Korea) in accordance with the previously described method (Boei et al. 2000 , Fomina et al. 2000 with modifications (Suto et al. 2011 , Suto et al. 2012 . For the 72 h BrdU() culture, multicolor FISH (M-FISH) was performed using a commercially available multi-color probe kit (Metasystems, Altlussheim, Germany) following the manufacturerʼs protocol. Chromosomes were observed under a fluorescence microscope (Olympus BX-50, Tokyo, Japan) equipped with a CCD camera (Persuit, Diagnostic Instruments, Inc., MI, USA) coupled with a filter-wheel set (Ludl Electronic Products, NY, USA). For the analysis of complex chromosome aberrations, metaphase images obtained from filter sets specific for 4′,6-diaminido-2-phenylindole (DAPI), fluorescein isothiocyanate (FITC), Cy3 and Cy5 were merged using image processing software (Diagnostic Instruments, Inc., MI, USA). Table 1 shows MIs in different cultures. For comparison, results obtained from nonirradiated and 5-Gy-irradiated cultures, harvested at 48, 54 and 72 h, were included in the table. The mitotic peak of the 15-Gy-irradiated culture appeared at 52-54 h, showing about a 6-h mitotic delay as compared with nonirradiated control cultures. The MIs were lower (0.27-0.38%) than those of nonirradiated (4.70%) and 5-Gy-irradiated (2.0%) cultures. Then, MI increased to 1.3% at 72 h. This increase in MI at 72 h was confirmed in the corresponding BrdU(+) culture (1.5%). As for the 96 h culture, although a sufficient frequency of dividing cells for scoring could be observed, it was difficult to determine MI because the number of cells with polynuclei or micronuclei increased significantly.
Results
Cell proliferation kinetics
On the basis of SCD patterns, it was found that the second metaphase (M2) cells did not appear in 48-56 h cultures except for 1 M2 cell in a total of 200 cells scored at 52 h (Table 2) . Although the total number of cells analyzed was limited, the present findings suggest that the majority of cells did not reach M2 until 56 h after culture initiation. Compared with the cultures of nonirradiated and 5-Gy-irradiated cells, delays in the proliferation of 15-Gy-irradiated cells were estimated to be about 10 and 4 h, respectively, when the time of M2 appearance was used as a measure (Table 2) . It should be noted that 31.8% of mitotic cells were in M2 at 72 h. Particularly notable is that M2 cells were mostly tetraploid (80.2%) as shown in Table 3 . At 96 h, cells in M1 (diploid cells, 35.6%), M2 (diploid cells, 13.7%; tetraploid cells, 45.2%) and even M3 (octaploid cells, 5.5%) were observed. As for the 72 h cultures of donor B, 92.1% of M2 cells were tetraploid (Table  3) . Table 4 shows the number of metaphase spreads analyzed and the means and ranges of dicentric equivalent counts in different cultures. All metaphase cells were found to contain multiple chromosome aberrations (Fig. 1) . At 48-56 h, chromosomes were examined in BrdU() cultures. As a reference, cells irradiated with 5-Gy gamma rays and unirradiated cells were examined under the same experimental conditions.
Dicentric equivalent count
As for cells harvested at 72 and 96 h, M1 cells were analyzed in BrdU(+) cultures. We noted that Giemsa-stained M1 chromosomes tended to appear unclear possibly because of the heating procedure of slides in FPG staining. This tendency was more marked in chromosomes obtained from the 96 h culture. Thus, the data on the dicentric equivalent count at 96 h were not included in this 
Goodness-of-fit to Poisson distribution probability 4 5 6 7 8 9 10 11 12 13 14 15 16 study. The frequencies and distributions of multicentric chromosomes in different cultures are shown in Table 4 . The distribution of dicentric equivalent counts in cell populations at all harvest times was studied for variance analysis by variance/mean ratio (V/m; coefficient of variance) and goodness-of-fit to the Poisson distribution by chi-square statistics. The distribution was underdispersed (V/m＜1) for all cultures, although deviations from the Poisson distribution were not statistically significant (Table 4) . At any harvest time, mean dicentric equivalent counts ranged from 9.0-9.3 (Table 4 ). The counts among 48-72 h cultures were not statistically significantly different (Kruskal-Wallis test with tied ranks; p＞0.9) although a slight increase in the later samples (56 and 72 h) was observed. We were careful in determining the dicentric equivalent count of metaphase cells containing chromosomes with complex structural changes. To corroborate the accuracy of our scoring, we analyzed multicentric chromosomes in the 54 h culture by hybridizing with Cy3-conjugated PNA probes to detect the centromeric alphoid satellite DNA. The mean dicentric equivalent count in centromere-labeled metaphases was not significantly different from that in the conventionally stained metaphases (Kruskal-Wallis test with tied ranks; p＞0.9), validating our scoring accuracy. The dicentric equivalent counts obtained in this study (m=9.0-9.3) were lower than that expected from a linear-quadratic equation (dicentric equivalent count=14.14) constructed for the 0-5 Gy dose range in our laboratory (y=0.0621D 2 +0.0073D+0.0003 where y=dicentric equivalents, D=dose in Gy; unpublished data).
Polyploidization
In the BrdU() culture harvested at 72 h, a high proportion of mitotic cells were polyploid in the 15-Gy-irradiated culture, whereas no polyploid cells were observed in the nonirradiated culture. Among 1,000 metaphases analyzed, 813 were diploid, 185 were tetraploid and 2 were octaploid. Of a total of 185 tetraploid cells, 2 exhibited typical endoreduplicated structure; replicated chromosomes were lying side-by-side in a diplochromosome state. Two tetraploid cells were found to contain asynchronously replicated or degraded chromosomes possibly resulted from cytokinetic failure. The proportion of polyploid cells was not significantly different from that obtained from the BrdU(+) culture harvested at 72 h (Table 3) .
There were tetraploid cells containing mirror-image multicentric chromosomes, as described in early studies (Krishnaja and Sharma 2004) . In such metaphase plates, the relative location of 2 mirror-image chromosomes was not random; they were close to each other. Nonrandomly located mirror-image multicentric chromosomes were clearly detected in BrdU(+) preparations with the aid of analysis based on SCD patterns (Fig. 2) . In tetraploid M2 cells, the ratio of the number of cells containing nonrandomly distributed chromosomes (51 cells) to that of cells containing randomly distributed chromosomes (132 cells) was about 2 : 5. M-FISH analysis revealed that such mirror-image multicentric chromosomes were actual duplicates (Fig. 3a) and that these 2 duplicated chromosome pairs were located close to each other. In our M-FISH analysis, we simply merged images obtained from 3 sets of filters adjusted to detect FITC, Cy3 and Cy5, instead of 5 filter sets specific for 5 fluorophores used. Our easy image processing could discriminate 9-13 differently colored chromosome groups, instead of 24. However, the merged chromosomal images were easier to analyze for chromosome constitution than computer-generated 24-pseudocolored images. As the detailed analysis of chromosomal rearrangements was not within the scope of this study, the filter combination we employed gave satisfactory results in terms of identifying the relative location of duplicated chromosomes in tetraploid metaphase plates. We found specifically rearranged chromosomes with symmetrical configuration in tetraploid cells (Figs. 2a and 3b) . The number of cells with symmetrical chromosomes was 29 (10.5%) in a total of 275 tetraploid metaphases analyzed by M-FISH.
Discussion
The dicentric chromosome assay, which has been regarded as the gold standard of biodosimetry for ionizing radiation, is applicable only for doses lower than 5 Gy. Thus far, a limited number of reports have been documented concerning the in vitro effect of high dose radiation on chromosomes (Norman and Sasaki 1967 , Sasaki 2003 , Yao et al. 2010 , Pujol et al. 2012 , Shi et al. 2012 . The intricate effects of processes associated with interphase cell death and cell-cycle progression to mitosis pose difficulties in examining metaphase cells for accurate dose assessment (Belloni et al. 2008) . Higher dicentric frequencies observed in cells within the same post-irradiation cell division derived from an extended culture time indicate either a delay in cell cycle progression of aberrant cells or the presence of different lymphocyte subpopulations with different radiosensitivities (Lloyd et al. 1977 , Boei et al. 1996 , Hoffman et al. 1999 , Pala et al. 2001 , Pujol et al. 2012 . To overcome technical difficulties related to cell proliferation kinetics, a recent study (Pujol et al. 2012) has shown a method that yields a high proportion of mitotic cells at 48 h which was realized by blocking the G2/M cell-cycle checkpoint by cotreatment with caffeine and colcemid. In that study (Pujol et al. 2012) , the MI for 15 Gy irradiation was 3.7% in the 60 h culture cotreated with colcemid and caffeine for 12 h. In our experiments, cultures harvested at 52-54 h with 2-h treatment with colcemid alone yielded a sufficient number of metaphase cells for dicentric assay, proving that chromosome aberrations in cultured peripheral blood lymphocytes induced by high-dose irradiation were readily evaluated by increasing culture time. Our preliminary experiments proved that the procedure we employed in this study was applicable for evaluating dicentric yields at high-dose-range radiation exposures (7-22 Gy gamma-ray irradiations: unpublished data). Pujol et al. (2012) reported that the frequency of dicentrics induced by 15-Gy irradiation in the 60 h culture was significantly higher than that in the 48 h culture. However, in contrast to their reported results, we did not detect any such difference across the sampling times. The dicentric equivalent count obtained in our study was approximately 9, irrespective of sampling time. Because we did not determine the frequency of dicentrics in cultures harvested between 56 h and 72 h and later than 72 h, we were unable to draw any conclusion as to whether our findings were in disagreement with previously reported findings, which suggested increasing yields of dicentrics with harvest time. It should also be noted that the dicentric equivalent count determined by the conventional Giemsa-stain analysis did not differ from that determined by the PNA-FISH analysis. Shi et al. (2012) concluded that the FISH analysis of peripheral blood lymphocytes using centromeric/telomeric PNA probes for the dose estimation was more accurate than the conventional Giemsa-stain analysis in samples irradiated at high doses. Contrary to their conclusion, our present result showed that the conventional Giemsa-stain method is a reliable tool for dose assessment in a range up to 15 Gy of irradiation.
When we encounter events with uneven whole-body exposure or partial-body exposure, we have to take into consideration the mitotic delay. Prolonged culture, e.g., 54 h, in conjunction with the appropriate duration of colcemid treatment, is recommended to arrest M1 cells in heterogeneously proliferating cell populations.
What we found most interesting in this study is that after high-dose irradiation, cells could proceed to the next cell cycle, persisting with unstable aberrant chromosomes in the tetraploid state. In the 72 h culture, a considerable proportion of mitotic cells were those that proceeded to M2 after culture initiation. As for the transmission of unstable chromosome aberrations through successive mitotic divisions in human lymphocytes in vitro, the frequency of dicentrics decreased with increasing number of divisions by a factor of 2 in passing from M1 to M2 in 3-Gy-irradiated cultures, in which the dicentric equivalent count was about 0.5 (Krishnaja and Sharma 2004) . In our 15 Gy irradiation experiments, the dicentric equivalent count was about 9. It could thus be assumed that most of the cells would have failed to proceed to the next cell cycle. Contrary to this assumption, a high proportion of mitotic cells was M2 at 72 h, bearing unstable aberrant chromosomes and could survive in the tetraploid state. Our results confirmed those of early studies (Bell and Baker 1965 , Nasjleti and Walden 1966 , Nasjleti and Spencer 1968 , in which the frequency of occurrence of polyploidization and endoreduplication was found to increase in leukocytes following irradiation in vitro and in vivo. The presence of tetraploid metaphase spreads showing replicated mirror-image multicentrics in M2 has been described (Krishnaja and Sharma 2004) . The potential causes of tetraploidization include cytokinesis failure, cell fusion and endoreduplication (King 2008) . In our study, we confirmed the occurrence of tetraploidization and endoreduplication using molecular cytogenetic methods. M-FISH analysis demonstrated that mirror-image multicentric chromosomes observed in conventionally stained slides were duplicates. Furthermore, long multicentric chromosomes that did not have any morphologically identifiable mirror-image counterparts in the tetraploid metaphase plates were shown to be the product of 2 counterparts joining at the termini, forming chromosomes with a symmetrical configuration. These particular chromosomes could be generated by chromatid exchanges in the first replication cycle or terminal fusion.
Taking all the present observations together, it is suggested that the occurrence of tetraploidization was attributed to endoreduplication, although the number of typical diplochromosomes observed in the present study was limited. Endoreduplication must occur by a disruption of the coordination between DNA synthesis and mitosis. Several mechanisms have been proposed for the induction of endoreduplication (Sutou and Arai 1975 , Weber and Hoegerman 1980 , Illidge et al. 2000 , Maser and DePinho 2002 , Cortes et al. 2004 , Chang et al. 2007 , Zand et al. 2009 , Lee et al. 2009 , Edgar and Orr-Weaver 2010 , Bramsiepe et al. 2010 , Card et al. 2010 , Davoli et al. 2010 , Adachi et al. 2011 , including mutation or altered expression of G2/M checkpoint genes, disruption of DNA damage sensors, kinetochore disruption, topoisomerase II inhibition, and telomere dysfunction.
Aneuploidy is a hallmark of human solid cancer. As many solid tumors have sub-tetraploid karyotypes and supernumerary centrosomes, it is likely that the initial step toward aneuploidy is tetraploidization (Storchova and Pellman 2004 , King 2008 , Storchova and Kuffer 2008 , Davoli and de Lange 2011 . The frequency of chromosomes with unstable abnormalities is known to decrease with post-irradiation time (Awa et al. 1978 , Buckton et al. 1978 , Bauchinger et al. 1989 , Lindholm et al. 1998 . This was confirmed by in vitro experiments examining chromosomes in cultured human lymphoblastic cells 2-3 weeks after irradiation (Duran et al. 2009 ). Our present study did not examine the fate of cells with unstable chromosome aberrations in a long-term cell culture. However, our special interest was focused on the induction of tetraploid cells after high-dose irradiation in the 72-96 h cultures of peripheral blood lymphocytes. Assuming that the results of this in vitro irradiation were expected to faithfully reflect those of in vivo irradiation, high-dose radiation can induce tetraploidization, most probably through endoreduplication, in human cells and subsequent genomic instability, leading to carcinogenesis. At present, however, further studies are required to fully characterize the relationship between high-dose radiation and the induction of tetraploidizaion.
In conclusion, chromosome aberrations in cultured peripheral blood lymphocytes induced in vitro by 15-Gy gamma-ray irradiation were readily evaluated by increasing culture time. In the 72 h culture, cells were found to proceed to the second mitosis, persisting with unstable chromosome aberrations in the tetraploid state. The findings obtained in this study will serve as the basis for constructing dose-response curves for dicentric yields in higher-dose range radiation exposures.
